Abstract. Knowledge of human blood-flow waveforms is required for in vitro investigations and numerical modelling. Parameters of interest include: velocity and flow waveform shapes, inter-and intra-subject variability and frequency content. We characterized the blood-velocity waveforms in the left and right common carotid arteries (CCAs) of 17 normal volunteers (24 to 34 years), analysing 3560 cardiac cycles in total. Instantaneous peak-velocity (V peak ) measurements were obtained using pulsed-Doppler ultrasound with simultaneous collection of ECG data. An archetypal V peak waveform was created using velocity and timing parameters at waveform feature points. We report the following timing (post-R-wave) and peak-velocity parameters: cardiac interbeat interval (T RR ) = 0.917 s (intra-subject standard deviation = ±0.045 s); cycle-averaged peak-velocity (V CYC ) = 38.8 cm s −1 (±1.5 cm s −1 ); maximum systolic V peak = 108.2 cm s −1 (±3.8 cm s −1 ) at 0.152 s (±0.008 s); dicrotic notch V peak = 19.4 cm s −1 (±2.9 cm s −1 ) at 0.398 s (±0.007 s). Frequency components below 12 Hz constituted 95% of the amplitude spectrum. Flow waveforms were computed from V peak by analytical solution of Womersley flow conditions (derived mean flow = 6.0 ml s −1 ). We propose that realistic, pseudo-random flow waveform sequences can be generated for experimental studies by varying, from cycle to cycle, only T RR and V CYC of a single archetypal waveform.
Introduction
Vascular diseases commonly occur at specific sites within the body, such as bifurcations, suggesting an important role for haemodynamic processes in the development of the disease (Glagov et al 1988) . Haemodynamic indicators may also be important in diagnostic procedures, such as magnetic resonance imaging (MRI) (Vanninen et al 1995a , b, Fürst et al 1994 and Doppler ultrasound (Archie 1981 , Robinson et al 1988 , O'Boyle et al 1996 , Carpenter et al 1996 . These hypotheses have been tested in several studies, using either animal models (Banerjee et al 1995 , Hutchison et al 1995 , in vitro preparations (Ku et al 1985 , Fei et al 1988 , Frayne et al 1993 , or numerical simulation (Perktold and Rappitsh, 1995 , Rindt et al 1990 , Shehada et al 1993 . 0967-3334/99/030219+22$30.00 © 1999 IOP Publishing Ltd In either in vitro or numerical investigations, one requires knowledge of the arterial geometry in question, as well as a detailed characterization of the blood-flow waveform at the site of interest. This characterization should include not only the average properties of the waveform-such as time-averaged flow, waveform shape, frequency content, and average cardiac-cycle length-but also the temporal variability of the waveforms. Variability is especially important in ungated procedures such as magnetic resonance angiography (MRA) (Nishimura 1990 , Dumoulin 1989 ) and cardiac-gated cine MRI flow measurements (Pelc et al 1991) . In these investigations, data collection may occur over hundreds of cardiac intervals, and cycle-to-cycle variations can lead to artefacts in the final data (Hangiandreou et al 1993 , Hofman et al 1993 , Lauzon et al 1994 , Rogers and Shapiro 1993 .
We are interested in experimental investigations and numerical simulations of blood flow through the carotid bifurcation. Recently developed computer-controlled flow simulators have made it possible to simulate physiological flow waveforms with high accuracy, including ECG gating and waveform variability, (Holdsworth et al 1991 , Frayne et al 1992 . To take advantage of the capabilities of these programmable devices, we require a complete characterization of blood flow through the common carotid arteries (CCAs) of normal individuals. Thus, these blood-flow measurements must be obtained with a non-invasive technique. Two non-invasive, clinical techniques are available for quantitative blood-flow and blood-velocity measurements; pulsed-Doppler ultrasound and time-resolved phase-contrast MRI. Of these two, only pulsedDoppler velocity measurements can be made routinely with sufficient temporal resolution (<15 ms) to accurately characterize the instantaneous waveform. Therefore, we recorded the pulsed Doppler spectra from the left and right CCA of 17 normal volunteers. The data was acquired over approximately 50 cardiac cycles, with simultaneous collection of the ECG signal. These data have been analysed in both the time and frequency domain to determine the average properties and variability of human carotid flow waveforms. The analysis provides sufficient data to: (1) calculate means and standard deviations (σ ) for timing and velocity waveform parameters; (2) create an archetypal instantaneous spatial V peak waveform; (3) compute an archetypal flow waveform; (4) determine the frequency content of the V peak waveforms; and (5) characterize cycle-to-cycle variability.
Methods

Subject protocol
Six female and 11 male volunteers (mean age 28±3 years SD) gave informed consent to participate in the study. Because none of the subjects had symptomatic or diagnosed cardiovascular disease, they were assumed normal. They were positioned supine and their left and right CCA were scanned separately with Doppler ultrasound to gather blood velocity spectra. A second ultrasound experiment was performed approximately 40 minutes later. This protocol provided two Doppler measurements on the left and right carotid of each of the 17 subjects, for a total of 68 independent data acquisitions. Means and standard deviations in the measurements of the diameter of the left and right CCA of each of the subjects were also tabulated.
Doppler ultrasound
A schematic of the apparatus used to collect the Doppler ultrasound data is shown in figure 1. Blood velocity spectra were collected in both CCAs of each of the volunteers using an ATL Ultramark 8 with a 5 MHz probe at a mean Doppler angle of 58.9 degrees (range 54-68) and a wall filter at 100 Hz. The pulse repetition frequency (PRF), which varied between 6 and 10 kHz, was selected such that there was absolutely no velocity aliasing. This guaranteed that under no circumstances would there be any power in the Doppler spectrum above the Nyquist frequency of 5 kHz. A large sample volume (10 mm in axial extent) was placed in the centre of the lumen, 2-3 cm proximal to the carotid artery bifurcation as indicated by the Doppler B-mode image (see figure 2(a)). Maximizing the peak velocity in the Doppler spatial velocity spectrum by moving the beam across the vessel guaranteed that the volume of interest included the central axis of the vessel lumen. Using this method, we ensured that the quantity measured was the instantaneous spatial peak velocity within the vessel. Approximately two cardiac cycles of demodulated Doppler data are shown in figure 2(b). Data were collected over a period of 50 cardiac cycles, on average, because longer periods of contiguous acquisition were hampered by motion of the artery due to swallowing or coughing.
The ECG signal was simultaneously collected as a cardiac cycle timing reference for the Doppler data, using a three-lead ECG harness (Hewlett-Packard 7830A). The ECG signalvarying between 0 V DC and 1 V DC-was frequency modulated on a carrier of approximately 7.5 kHz by routing it through a voltage-to-frequency converter, producing an FM signal between approximately 6 kHz and 9 kHz.
To guarantee synchrony of the ECG data and the velocity data, maximize the digitization rate and minimize the volume of data collected, the ECG and Doppler data were added in an audio mixer and digitized direct to disk at a rate of 21 730 Hz to a single channel of a personal computer (PC) based analogue-to-digital convertor (ADC) (Soundblaster 16, Creative Technology). The ECG and Doppler velocity waveforms were recovered during post-processing by Fourier transformation and spectral analysis.
Data analysis
2.3.1. Velocity and ECG waveform recovery. A fast Fourier transform (FFT), incorporating a 512 point Hanning window to reduce leakage (Gibbs phenomenon) due to time domain truncation (Brigham 1974) , was calculated every 256 points to recover the instantaneous spatial velocity spectra and the ECG data at 12 ms intervals. A peak-frequency-following algorithm was implemented to generate instantaneous peak-velocity (V peak ) values from the spatial velocity spectra. The 95th percentile of the total power in the Doppler encoded bandwidth (0 Hz to 5 kHz) was chosen as the peak frequency in each spectrum (Evans et al 1989) . The ECG waveform was recovered by recording the mean value of the signal in the ECG encoded bandwidth (5 to 10 kHz) of each spectrum. The instantaneous acceleration waveform and the ECG first derivative waveform, which was used in the determination of the R-wave position, were calculated on a point-by-point basis directly from the V peak and ECG data.
Shown in figure 3 is a plot of several cardiac cycles of: (a) V peak ; (b) acceleration; (c) ECG; and (d) ECG first derivative waveforms collected from a typical volunteer.
Retrospective gating and waveform averaging.
Using the ECG R-wave as a timing reference for each cardiac cycle, it was possible to retrospectively synchronize each Doppler acquisition, yielding cycle-by-cycle V peak waveforms with the same relative cardiac phase. The position of each ECG R-wave peak was located by automated detection of zero crossings in the first derivative function of the ECG signal. Representative, synchronous velocity and ECG timing data: (a) V peak waveform extracted from the instantaneous Doppler spectra by a peak-frequency-following algorithm. The peakvelocity waveform was assumed to lie along the vessel lumen central axis throughout the cardiac cycle; (b) acceleration: point-by-point first derivative of the V peak waveform; (c) ECG data collected simultaneously with the Doppler data. The ECG R-wave was used to retrospectively gate the peakvelocity data into cycle-by-cycle waveforms; and (d) ECG first derivative data used to accurately locate the R-wave peaks by a zero-crossing method.
Once the waveforms were registered, mean V peak waveforms were calculated from the first seven cardiac cycles of each of the 68 acquisitions. From these, an ensemble mean V peak waveform was calculated after normalizing each mean V peak waveform to its maximum systolic value (V MAX ).
Waveform feature points.
Characteristic features on the waveform-such as the systolic maximum and the point of maximum systolic acceleration-were used to characterize the V peak waveform. At points on each V peak waveform where a characteristic feature was found, timing and velocity parameters were recorded on a cycle-by-cycle basis by an automated routine. The validity of the parameters corresponding to feature points was verified graphically on each waveform. To better characterize the waveform in regions where no well defined feature exists-in the region of the dicrotic notch and during diastole, for example-additional points to those listed in table 1 were chosen from the ensemble mean V peak waveform at fixed intervals post-ECG-R-wave. The mean and standard deviation of each parameter was recorded and tabulated by left and right artery and by first and second ultrasound scans. Figure 4 illustrates the feature points on a sample V peak waveform from one of the subjects. Precise explanations of the feature points are given in table 1.
Means of the feature point timing and velocity values from the first and second Doppler scans of each subject were calculated. Parameter values corresponding to the left and right CCAs of each subject were also combined after paired T -tests showed that they were not significantly different (p = 0.05). In order to model the cardiac variability of either an individual or our sample population, means and standard deviations for each of the parameters were tabulated on both an intra-subject and an inter-subject basis, along with the maxima and minima from our 17 subjects.
2.3.4.
Archetypal V peak waveform. To create a synthetic V peak waveform with accurate timing and velocity features representative of the entire ensemble of collected data, a cubic spline function was fitted through all of the feature points. To accommodate longer than average interbeat intervals, this archetypal waveform was extended by linear extrapolation of the late diastolic region.
Inter-cycle correlation.
Interrelationships between successive values of T RR and V CYC may affect the synthesis of sequences of pseudo-random blood-flow waveforms (Sayers 1980) . Although an in-depth study of inter-relationships is beyond the scope of this paper, short-term temporal patterns in the parameters and the distribution of the parameters were examined graphically by plotting serial correlation sequences of T RR and V CYC against cardiac cycle number.
Histograms for all of the timing and velocity parameters were computed and plotted and the skewness and kurtosis was calculated for each. Scatter diagrams of pairs of parameters were also made and correlation coefficients were calculated to explore the possibility that the variables are correlated.
Frequency content.
To reproduce realistic physiological flow waveforms, a mechanical flow system must be able not only to achieve a sufficient mean flow rate, but also to accurately mimic the non-DC components of the waveform. The frequency content of the V peak waveform was determined from the magnitude of a 2048 point discrete Fourier transform (DFT), calculated from waveform samples approximately 24 seconds in length.
Cumulative amplitude spectra were calculated by integrating the amplitude spectrum from each acquisition. Noise in the amplitude spectrum was determined by calculating the mean value in a 300 point region of each spectrum from 30.0 Hz to 42.4 Hz (Nyquist limit), where noise dominated the signal. This value was subtracted from the spectrum resulting in noise with zero mean. Thus, the cumulative magnitude spectrum converged asymptotically to a finite limit representing its total energy. To facilitate comparisons between acquisitions, each cumulative spectrum was normalized by dividing by this asymptotic limit.
The set of normalized cumulative amplitude spectra was averaged to obtain a spectrum representative of the entire sample population. The 25th, 50th, 75th and 95th to 100th percentiles were calculated to obtain information about what fraction of the total energy of the human carotid blood-flow waveform is contained below a given frequency.
Flow waveform calculation.
It is well known that, for fully developed, laminar, steady flow of a Newtonian fluid in a straight rigid tube of circular cross-section (i.e. parabolic flow profile), V peak /V mean = 2, and hence it is straightforward to estimate the volume flow rate given only the peak velocity and vessel cross-sectional area. Under fully developed pulsatile flow conditions, however, V peak /V mean is time varying and depends strongly on the dynamics of the flow field. Assuming that V peak lies on the lumen central axis at all times (a good assumption for the CCA waveforms), it is possible to compute this time-dependent ratio by invoking Womersley's analytic solution for velocity profiles under pulsatile flow conditions (Brands et al 1996, Willink and Evans 1995) . Fourier coefficients for the V mean waveform were computed from the Fourier coefficients for the V peak waveform (equation (A5)) as derived in the appendix. The time-dependent ratio of peak to mean flow was calculated by dividing the experimentally measured V peak (t) by the computed V mean (t). Finally, the flow waveform was calculated by dividing the V peak waveform by the V peak /V mean ratio and multiplying by the mean CCA cross-sectional area.
In this manner, we were able to calculate the pulsatile blood-flow waveform that is consistent with the observed peak blood-velocity waveform (assuming Womersley flow).
Results
Waveform characterization
Eight contiguous cardiac cycles, normalized to the maximum systolic velocity (V MAX ), from six representative subjects are superimposed in figure 5 to illustrate the remarkable repeatability of the V peak waveform. Two of these six subjects were chosen for their low variability in T RR , two for their average variability in T RR and two for their large variation in T RR . Each of the waveform timing parameters was remarkably consistent from cycle to cycle, despite the large differences in the variability in T RR . Superimposed on the individual V peak waveforms is an ensemble average waveform made from the first seven waveforms from each of the 68 data sets.
A summary of the number of cardiac cycles per acquisition, feature point timing and velocity parameters, their means, intra-subject (σ intra ) and inter-subject standard deviations (σ inter ) and maxima and minima is given in table 2.
Contralateral comparisons
Paired t-tests indicated that the waveform in the left CCA led the right by only 2.3 ms, on average, in timing parameters T MIN (significantly different, p = 0.004), T A MAX (sig. diff., p = 0.0008), T LHM (sig. diff., p = 0.0001) and T DN (sig. diff., p = 0.006). T MAX (not sig. diff., p = 0.886) on the left side led the right by only 0.018 ms. V MAX in the left CCA was, on average, greater by 4.9 cm s −1 (sig. diff., p = 0.03). Figure 6 shows histograms of each of the parameters for the left and right CCA. The interval between adjacent data points was 11.78 ms and the velocity bin size was approximately 1 cm s −1 .
Archetypal (representative ensemble) peak velocity waveform
Shown in figure 7(a) is the archetypal V peak waveform derived from feature points on the individual V peak waveforms. Feature points corresponding to well defined waveform features σ intra and σ inter are the intra-subject and inter-subject standard deviations for each parameter. i.e. between peak systole and the dicrotic notch and in diastole. These points were used to constrain the spline interpolation where the waveform was poorly defined by the initial set of feature points. Given the experimentally measured V peak waveform and vessel cross-sectional area, one requires the instantaneous ratio of V peak /V mean throughout the cardiac cycle to calculate bulk flow through an arterial model. Figure 7 (b) shows the V peak /V mean waveform calculated using the archetypal V peak waveform and equation (A5). This V peak /V mean waveform was used in all flow calculations in this study.
V peak waveform variability, periodicity and parameter correlation
Cycle-to-cycle variability of all feature point data is summarized on both an inter-subject and intra-subject basis in table 2. Note that variability in the cardiac interbeat interval T RR can be attributed primarily to fluctuations in the late diastolic region. For example, in subjects with very high variability in interbeat interval, T RR varied by as much as 17.4% (1σ ), while T MAX and T DN varied by only 6% and 1.6%, respectively. . Time series plots of: (a) cardiac interbeat interval (T RR ) and (b) mean peak velocity over the cycle V CYC . Subjects were chosen for low variability (hollow circles), average variability (solid circles) and high variability (hollow triangles). Aside from the high variability case, correlation between variables was, in general, weak, allowing independent variability in T RR and V CYC in synthesized pseudo-random waveform sequences. Table 2 characterizes each parameter as a normal distribution about a mean. To investigate this assumption, we plotted histograms of T RR and V CYC for three subjects representing low, average and high variability (figure 8). In subjects with high variability (figures 8(c), (f)) we observed a bimodal distribution, leading us to perform time-series analysis of these two parameters. These plots of T RR and V CYC against cardiac cycle number (figure 9) illustrate short term, periodic fluctuations, which are especially apparent in the high variability subject. Note that obvious periodic behaviour appeared in only 2 of our 17 subjects (12%). Scatter plots of pairs of three main parameters were also created and linear regression coefficients calculated. V MAX on T RR was un-correlated (r = 0.015, p = 0.3666), V CYC on T RR was significantly negatively correlated (r = 0.428, p < 0.0001, slope = −24.6 cm s −2 , y intercept = 61.6 cm s −1 ), as was V MAX on V CYC (r = 0.657, p < 0.0001).
Frequency content
Figure 10(a) illustrates the amplitude spectrum of approximately 24 seconds of the V peak waveform for a subject with average variability in T RR . Similarly, amplitude spectra were calculated for all 17 subjects and averaged to create an ensemble representative amplitude spectrum. The cumulative spectrum shown in figure 10(b) is the integral of this ensemble amplitude spectrum. It converges asymptotically to a limit that represents the total energy of the spectrum. The maximum-frequency component was determined from this plot and percentiles for the cumulative waveform amplitude spectrum were calculated. Table 3 is a summary of the frequency content of the representative ensemble cumulative amplitude spectrum. 
Archetypal (representative ensemble) flow waveform calculation
From the experimentally measured V peak waveform, the V peak /V mean ratio computed from Womersley flow conditions and the vessel cross-sectional area (assuming a 6.3 mm diameter CCA), it is possible to calculate a single representative ensemble flow waveform, shown in figure 11 . Table 4 is a summary of calculated blood-flow values corresponding to waveform feature points, as derived from the Womersley flow calculations.
Pseudo-random flow waveform generation
The information in table 4 makes it possible to generate pseudo-random flow waveform sequences by scaling the archetypal V peak waveform independently in the time and velocity domains to exhibit the desired mean flow and variability. Variability in T RR -corresponding to a Gaussian distributed random number set with the required standard deviation-is achieved by truncating or elongating, by linear extrapolation, the archetypal V peak waveform on a cycleby-cycle basis. V CYC of the archetypal waveform is scaled by a second Gaussian distributed random number set with the required standard deviation, creating V peak waveforms with pseudorandom velocity scaling. These two independent processes are combined to produce V peak waveforms with known variability in either the time and/or velocity domains. Each of these processed V peak waveforms is then divided by the representative ensemble V peak /V mean ratio and multiplied by the cross sectional area of the arterial lumen to convert the pseudo-randomly varying V peak data into flow data. Four such synthetic flow waveform sequences are shown in figure 12 .
Discussion
Effects of averaging
The goal of creating an archetypal human CCA waveform might be approached by simply averaging appropriately scaled individual waveforms from a sample population; however, phase shifts between waveforms would act to low-pass filter the resulting mean waveform. This blurring of features is especially pronounced in regions of rapid rate of change, such as the systolic peak and the dicrotic notch. The approach we have taken is to parametrize well defined and easily recognizable features of individual waveforms and subsequently synthesize a representative waveform based on the norms of each of the chosen features. In addition to producing a single, archetypal waveform, this method yields information about the variability of each of the defining parameters and the waveform as a whole, thus facilitating in vitro studies which require realistic, physiological variability. This feature-based approach has previously been used in computer pattern recognition studies of CCA waveforms from Doppler spectral data (Langlois et al 1983) .
Data from a small number of contiguous cardiac cycles were used in the calculation of average waveforms from individual data acquisitions, since it has been shown that averaging between five and ten cycles minimizes blurring of the waveform features (Allard et al 1992) . Additional feature points from the ensemble average waveform-used to further define the archetypal waveform-were chosen in regions which exhibited a relatively low time rate of change, so that the low pass effect of these points on the archetypal waveform was minimized.
Waveform variability
4.2.1. V peak waveform variability and mean flow rate. A list of velocity and flow measurements from previous studies of CCA waveforms, for comparison with our results, is given in table 5. Previous V CYC values had a mean of 35.9 ± 6.2 cm s −1 (8% lower than our study) and ranged from 15 to 65 cm s −1 . V 0 was quoted as 26 ± 6 cm s −1 (differing from our study by less than 0.4%) with a range from 6 to 43 cm s −1 . V MAX values from the literature had a mean of 94.1 ± 15 cm s −1 (15% lower than our study) and ranged from 50 to 169 cm s −1 . Cycle-to-cycle variability was gauged by the standard deviation in the timing and V peak values of the feature points. We report variability for the V peak waveform and not for the flow waveform because only the velocity data were measured in vivo. Flow variability is effected by modulation of the velocity waveform.
The mean flow rate reported in our study is derived from the conversion of the archetypal V peak data into flow and was not directly measured in vivo. It is in good agreement (13% lower) with flow values quoted in the literature, which had a mean of 6.98 ± 1.2 ml s −1 and range from 4.45 to 13.0 ml s −1 .
4.2.2.
Heart rate and heart rate variability. The cardiac interbeat or normal-to-normal (NN) interval is the elapsed time between adjacent QRS complexes in a continuous ECG record and is typically collected over a period of 24 hours. Our reported value of the mean cardiac interbeat interval (T RR ), although recorded over a shorter interval, is in good agreement with those reported in other studies (table 6) . Because the mean heart rate and the degree of heart rate variability (HRV) may fluctuate significantly over the course of the ECG recording, several HRV indices are commonly used. The value we report (119 ms) as the inter-subject variability-the standard deviation in the mean of the interbeat intervals collected during each patient acquisition-is analogous to and in good agreement with the value of 127 ms reported by Bigger et al (1995) . The value we report (45 ms) as the intra-subject variability-the mean of the standard deviation in the interbeat intervals during each patient acquisition-is analogous to and compares favourably with the value of 54 ms reported by Bigger et al (1995) . These studies cite normal, healthy sample groups of N subjects. The mean age of the subject group is given in years ±1 SD. Bracketed values denote a range.
The typical length for clinical CT, ultrasound or MRI data acquisitions is on the order of seconds to tens of minutes. Keeping in mind our goal of generating pseudo-random, CCA blood-flow waveforms for in vitro evaluation of imaging techniques, we suggest that the intrasubject variability is the most relevant parameter of HRV representative of a single, in vitro 'patient realization'.
Contralateral comparisons
Timing parameters in the left CCA (T MIN , T A MAX , T LHM and T DN ) lead the contralateral values by 2.3 ms on average. The difference, while statistically significant, is negligible in comparison with both the temporal resolution in the processed data (11.8 ms) and the desired synthesized flow waveform timebase (10 ms). Thus, left and right arterial timing parameter values were averaged for greater statistical power.
None of the V peak parameters exhibited a statistically significant contralateral bias, with the exception of V MAX (left side greater by 4.5%), so the left and right V peak parameters were also averaged. Previous studies using MR velocity mapping report no contralateral bias in CCA flow (Bogren et al 1994) .
Variability, periodicity and parameter correlation
While our goal is to characterize the mean shape and variability of the human CCA blood flow waveform, it is beyond the scope of this paper to describe, in detail, cycle-to-cycle correlations and inter-relationships of parameters such as T RR and V CYC . However, some investigations were made regarding short-term temporal trends in the parameters and possible correlations.
4.4.1. Variability. While histograms of the parameters (figure 8) provide no information about cycle-to-cycle correlations, they yield the mean value of a given parameter and the distribution about that mean. The range of the parameters was, in general, normally distributed, though the distribution was often skewed or, in the case of subjects exhibiting high variability, bi-modal. This phenomenon is in agreement with the findings of Sayers (1980) .
Periodicity.
Although the variability in most of the parameters could be described completely by a normal distribution about the mean, the high variability subjects (shown as open triangles in figure 9 ) exhibited a distinct structure in the time evolution of the parameters. This indicates that the value of a parameter during one cardiac cycle may be correlated with that of preceding and subsequent cycles. These short-term periodic variations of waveform parameters-on the order of seconds to tens of seconds-may be due to thermoregulatory, respiratory, blood-pressure associated effects or to the existence of two preferred heart rates (Sayers 1980) . This periodic behaviour was observed in only a small percentage of our normal subjects, so we have chosen to ignore periodicity when generating representative flow and velocity waveforms.
Inter-parameter correlation
In addition to knowledge of the distribution and periodicity of waveform parameters, it is important to investigate relationships between variables. As anticipated, V CYC and V MAX exhibited a strong positive correlation, allowing us to implement waveform amplitude scaling with a single factor applied over an entire cardiac cycle. A statistically significant negative correlation was observed between V CYC and T RR , possibly explained by the observation that longer cardiac cycles contain a greater proportion of diastolic flow, which is below the cycle mean.
In many investigations, it is desirable to have independent control over timing and flow variability. Therefore, we have implemented T RR and V CYC variability by scaling each cardiac cycle in a pseudo-random waveform sequence with two, normally distributed, independent factors (as shown in figure 12 ). In situations where it is required that the two parameters be correlated, one parameter may be designated as the independent variable and be generated by a normally distributed, pseudo-random factor. The dependent parameter may then be calculated analytically using the slope and y intercept reported in our linear regression analysis.
Interbeat interval modulation
The interbeat interval (T RR ) of the CCA waveform can be modulated either by compression and rarefaction of the whole waveform (frequency modulation) or by truncation and elongation of only the late diastolic region (pulse-position modulation) (Lauzon et al 1994) . The remarkable consistency, on both a cycle-to-cycle and an inter-subject basis, of the position of the systolic waveform features (such as the dicrotic notch) makes a strong case for a pulseposition modulation mechanism. This hypothesis is especially well corroborated by data from subjects with high variability in T RR , who had correspondingly lower variability in other timing parameters.
Arterial geometry
The value we report for the CCA diameter (table 2) is in excellent agreement with the mean value of 6.46 mm ( = 1.7%) calculated from previous studies (table 7) of normal individuals. We have chosen to ignore arterial distensibility and model the CCA as a rigid tube of circular cross-section. The approximation of a pulsatile arterial diameter with a single, timeaveraged value measured by Doppler ultrasound results in only very small underestimations of flow on the order of 1% to 3% (Eriksen 1992) .
Waveform frequency content
Frequency domain analysis was performed on the Doppler data to characterize the mean frequency content of normal carotid V peak waveforms for individuals and for the study group as a whole. This information influences the design of in vitro and numerical studies, since it sets limits on the required temporal resolution of these investigations. Consistent with previous work in the literature (Patel et al 1965 , Werneck et al 1984 we found that 95% of the waveform amplitude spectrum lies below 12 Hz, making the waveforms reproducible by mechanical flow simulators (Holdsworth et al 1991) .
Pseudo-random waveform sequence synthesis
It was observed that the basic shape of the common carotid waveform does not vary greatly from cycle to cycle. We hypothesize that, for the purposes of generating pseudo-random data for use in a computer-controlled flow system, the CCA blood flow waveform is well represented by the cycle-to-cycle modulation of the archetypal V peak waveform and subsequent conversion from V peak to flow data via the archetypal V peak /V mean waveform. Waveform sequences are generated in this manner because the variability we have characterized empirically was in the velocity, not the flow, domain.
Furthermore, we have modelled the variability as a function of only two parameters: the interbeat interval (T RR ) and the mean velocity over the cardiac cycle (V CYC ). We have chosen to separate the effects of these parameters via two normally distributed, random scaling factorsone for T RR and one for V CYC . This approach facilitates studies where the independent effect of each mechanism of variability is of interest.
Investigations that are sensitive to the slightly skewed histogram of the interbeat interval (Sayers 1980 ) may benefit from generating scaling factors from a skewed probability distribution. However, waveforms synthesized from a pure Gaussian versus a skewed distribution would differ in only a small percentage of cardiac cycles. We, therefore, propose that the scaling factors applied to each waveform may be chosen from a Gaussian random number set for the sake of computational simplicity.
Note that because the V peak /V mean ratio changes during the cardiac cycle, feature points on the flow waveform, reported in table 4, may not occur at the same instant as the corresponding feature points on the V peak waveform.
Study limitations
There are a few limitations to our Doppler ultrasound study of human carotid flow waveforms. The relatively small sample population (17 individuals) may make it difficult to extend our results to the population in general. It is expected, for example, that some of the parameters listed in table 2 will demonstrate a dependence on the age of the subjects (Hansen et al 1995) , and an investigation of age-related changes is beyond the scope of this study. The parameters that we report for our study group are consistent with values from other similar populations, as indicated in tables 5-7. Also, the very small inter-subject deviation in some waveform parameters (e.g. T DN = 398 ± 16 ms) indicates that our sample group provides a reliable estimate of carotid waveform parameters in normal humans.
A second limitation relates to the conversion of instantaneous peak velocity measurements to volumetric flow. As we have described, this conversion is performed under the assumption that the common carotid is a straight, rigid vessel containing fully developed pulsatile flow. We believe that the measurement site used in this study (common carotid just proximal to the bifurcation) is likely to satisfy these criteria and that the flow analysis described in the appendix is appropriate. However, it may not be possible to apply this technique at other sites (such as the carotid bulb) where significant secondary flows exist.
Conclusions
Based on Doppler ultrasound measurements of blood flow in normal human subjects, an archetypal CCA waveform, incorporating variability, was derived from a statistical analysis of the location of instantaneous spatial peak-velocity (V peak ) waveform features. Cycle-to-cycle variability in the mean peak-velocity over a cycle (V CYC ) is typically ±3.9%, and variability in the length of late diastole (pulse position modulation of the waveform) results in an average fluctuation of ±4.9% in the cardiac interbeat interval (T RR ). We report statistically significant, but negligible, contralateral differences in the CCA waveform. The mean vessel diameter in our subjects was 6.3 mm. Frequency components below 12 Hz constitute 95% of the V peak waveform amplitude spectrum. Pseudo-random waveform sequences of arbitrary duration can be synthesized by applying independent, normally distributed, random scaling factors to the archetypal waveform mean velocity and cardiac interbeat interval on a cycle-by-cycle basis.
Control of blood-flow waveform cycle-to-cycle variability in phantom studies is extremely important, as this variability can lead to artefacts in diagnostic images. Unlike in vivo studies, computer-controlled blood-flow simulation in phantoms of known geometries allows explicit, a priori control over physiological flow parameters and accurate repeatability of experiments during in vitro testing and development of diagnostic imaging techniques. For example, we are interested in investigating the effect of ensemble averaging on diagnostic Doppler indices, where the index may be based on waveform features (Allard et al 1992) or turbulent intensity (Walburn et al 1983) . The carotid waveform sequences (with controlled variability) described here will be required in these, and other, experimental investigations.
